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The financial constraints of the country make it difficult to maintain the operational cost and 
enhancing the reliability of power transformers in the grid. The industry embarked on the process of 
finding a way to improve the lifespan of the high voltage apparatus by implementing an effective 
plan to manage the assets. Thus, applying economical, reliable, comprehensive conditioning and 
assessment process of maintenance is a priority to support a proper plan. 
Power transformers are very expensive apparatus in the power system; hence, conditioning and 
assessment is a compulsory project. It is generally recognized that the lifespan of the power 
transformer is determined by how good the insulation system is. Therefore, economical and reliable 
moisture content diagnostic, conditioning and monitoring methods are compulsory to conduct 
extensive and effective transformer state evaluation. In this study, an adaptive neuro fuzzy inference 
system is used as the modelling tool to predict the parameters of dew point measurements. 
Furthermore, the efficiency of the diagnostic method is improved and the accuracy is validated by 
the Frequency domain spectroscope technique, to reduce the maintenance, assessment costs and time 
taken to diagnose the transformer. 
The research focus is to predict the dew point parameters to be utilized to diagnose the moisture 
content into the insulation system of the power transformer. Dew point method parameters used as 
input for an artificial neural network prediction-based model to estimate transformer water content. 
The accuracy of the prediction reduces the assessment of unplanned outages. Furthermore, the quality 
of dew point parameters confirmed to be the most important inputs for the correlation with 
transformer Frequency domain spectroscope parameters.  
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This chapter introduces the background to the problematic of Moisture content prediction Such as 
confronted by power transformers; the problem statement, the aim and objectives of this work as well 
as the work overview. 
1.2 Background 
Well-organized condition assessment leads to implementing efficient transformer maintenance plans 
and accordingly transformer asset management with optimized operational costs, performance and 
risks. Provision to provide reliable methods of assessing moisture in oil-paper insulated power 
transformers proposed in this work. Moisture content in power transformers causes three damaging 
effects: it decreases the dielectric withstand strength, accelerates cellulose aging and causes partial 
discharge at high temperatures. Thus, it is of importance to have better knowledge about moisture 
concentration in a transformer to maximize proper maintenance planning, reliability, quality and safe 
operation of the apparatus. The traditional technique such as the dew point method of moisture 
evaluation, oil sampling with the succeeding presentation of an equilibrium diagram, suffers from 
severe errors resulting in very poor accuracy.  The modern techniques such as frequency domain 
spectroscopy, which is the dielectric diagnostic methods and reveal better results. This study is 
focused on discussing and improving transformer moisture measurement approaches through 
artificial intelligence, especially the adaptive neuro fuzzy inference system (ANFIS). The proposed 
strategy in this research is to improve the diagnosis efficiency of dew point techniques, minimize the 




First study, direct moisture measurement techniques as Dew Point method tested in order to extract 
data to be used in the proposed model and considering all other factors that affect the approaches. 
The approach is dependent on the moisture equilibrium plot and regarded as the main procedure in 
the manufacturing world of the power transformer. Therefore, moisture measurements in cellulose 
and oil insulation are described in theory and represented as sorption isotherms and equilibrium 
diagrams under the special consideration of aging. A second study, indirect moisture measurement 
techniques as frequency domain spectroscopy (FDS) to extract data to validate the proposed model.  
Further investigation about this method presents that evaluation in frequency and time domain 
determined the influences of moisture, temperature, aging, oil impregnation and pressboard type on 
the dielectric properties. This method is software-based and analyses the dielectric properties of real 
power transformers. Lastly, the methods practically tested on different transformers with the same 
ratings and manufactured in South Africa. Emphases on achieving effectiveness testing and a reliable 
method towards assessing the transformer insulation system. This target will be achieved by mapping 
the predicted data from the dew point method, such as relative temperature (%RH), dew point 
temperature (Td) and Tank Air Temperature (T) as input parameters to the proposed ANFIS based 
model to estimate moisture content. An adaptive neuro-fuzzy inference system is a kind of artificial 
neural network that solves complex systems. Thus, utilized to improve the moisture content 






1.3 Problem statement 
Moisture content in power transformers causes three damaging effects: it decreases the dielectric 
withstand strength, accelerates cellulose aging and causes partial discharge at high temperatures. 
Thus, it is of importance to have better understating about moisture concentration in a transformer to 
maximize proper maintenance planning, reliability, quality and safe operation of the apparatus. The 
traditional technique such as the dew point method of moisture evaluation, oil sampling with the 
succeeding presentation of an equilibrium diagram, suffers from severe errors resulting in very poor 
accuracy. This study is concentrated on improving the dew point approach through artificial 
intelligence, especially the adaptive neuro fuzzy inference system (ANFIS) and validate the results 
by the frequency domain spectroscopy. The quality, reliability and maintenance cost shall be 
minimized by achieving the goal.  
1.4 Study objectives 
1.4.1 Aim: Improvement of the dew point-based prediction model for power transformers using 
adaptive neuro fuzzy inference system (ANFIS) thorough analysis of the contributing factors to the 
aging of the insulation system. 
1.4.2 Specific Objectives:   
1. To measure the dew point on different transformers with the same ratings.  
2. To develop the ANFIS based prediction model using dew point measurement data. 
3. To validate the ANFIS model using Frequency Domain Spectroscopy (FDS).  
1.5 Work overview  
This dissertation is structured as follows: Chapter 1: Introduces the background to the problematic 
of moisture content in the power transformer; the problem statement, the aim and objective of this 
work as well as the overview. Chapter 2: Embarks on the critical review of the moisture content in 
oil-paper insulation and as well as the existing moisture content prediction models including Dew 
point. The shortcoming related to the Dew point technique is also highlighted. Chapter 3: this chapter 
discuss data acquisition techniques procedures used in the thesis, such as dew point technique, to 
derive the weights of inputs used for assessing the condition guide of a power transformer. These 
weights are modeled by the proposed fuzzy-evidential reasoning and validated with FDS technique. 
Chapter 4: This chapter discuss the simulation of the ANFIS-based proposed prediction model, with 
the use of MATLAB/SIMULINK model. Chapter 5: Discusses the results obtained from the dew 
point and ANFIS proposed model, validates the results with FDS. Furthermore, concludes the work 
and provides recommendations for future work on this topic.  
 
1.6 Conclusion  
Traditional transformer testing methods, such as dew point and transformer oil testing, have been 
recognized among utilities as the most practiced methods. This lead to concentrate on developing a 
reliable transformer moisture content assessment model through artificial intelligence, especially 
ANFIS. The proposed strategies in this research are to improve the diagnosis efficiency of dew point 
techniques, minimize the costs of transformer failure maintenance by increasing the quality and 
reliability of the high voltage apparatus. Due to continuous shortcomings on moisture content, further 
discussion and investigation of wetness of power transformer is highlighted in the literature, with the 
advanced benefit of moisture evaluation will be briefly discussed.  
 
  
Chapter 2 Literature review 
2.1 Introduction 
 In this chapter, a comprehensive review of the literature on power transformer is carried out. This 
entails few aspects such as the critical review on the development of moisture content and major 
sources of moisture content in the power transformer. Furthermore, is then succeeded by examining 
the effect of moisture content in the insulation of a power transformer. In the fourth section of this 
chapter, discuss the prediction techniques used for testing moisture content in the insulation of power 
transformer and followed by the introduction of artificial intelligence, dwelling more on the ANFIS. 
Finally, the chapter ends with a summary of its main areas of attention.  
2.2 Development of Moisture in Power Transformers: 
According to literature, moisture content is formed in the following manner such as discussed; Xiang 
and Gockenbach [1] investigated the formation of moisture content in power transformer using the 
failure mode and effect analysis (FMEA) process, which include the power factor, capacitance, 
excitation current tests, etc. Found that the paper insulation consists of continuous moisture content 
when one-half cut comparing to oil insulation and the life of the insulation of the power transformer, 
whenever the moisture content is doubled. This method proves not to be reliable because the 
temperature is the greatest factor in how moisture content distributes itself between the cellulose and 
oil insulation of the power transformer. In [6] operational condition assessment of power transformer 
reveals that moisture content in the power transformer either may come from the atmosphere or 
generate from the deterioration of insulating materials.  
Pahlavanpour et al [3] perfumed a similar study using the adsorption isotherms approach and reported 
that moisture content exists in power transformer; confirm the infinity of moisture content in paper 
insulation as stipulated above and less percentage found to be dissolved in oil. Furthermore, it shows 
that moisture content is formed as dewdrop when wetness concentration is higher than the saturation 
level at a certain temperature. This method proves not to be reliable because there are too many 
equilibrium charts in the industry, they need more understanding as they differ with applications. The 
dryness and ageing state of the oil-paper insulation is a key factor in both the short and long term 
reliability of a power transformer [4]. To maintain the quality and a good life operation of power 
transformer, the moisture concentrations into the insulation system have to be removed or decreased 
to a lower level [5]. In addition, Azis et al [6] stated that the moisture content of the cellulose 
insulation should be less than 0.5 to 1.0 %.  
2.3 Major sources of moisture content in Power Transformers. 
1. Residual moisture  
In a power transformer, Lelekakis et al [7] conducted an experimental study using sampling of the 
paper insulation and found that moisture remains in the paper insulation because of the moistening 
of the insulation surface during assembly, or it was not dry out completely through the manufacturing 
process. It is highly recommended to dry-out the cellulose insulation to remove the residual moisture 
in the paper insulation. However, the process is time-consuming and sophisticated. Prevost and 
Oommen [8] performed a similar study focusing on the cellulose of the power transformer and 
compering the work done by other researchers and concluded that excessive attraction of moisture is 
classified as the main shortcoming of the use of cellulose in power transformers. Typically, these are 
spacers, windings insulation, support structures, cylinders, etc. [6]-[8].  
2. Ingress from the atmosphere  
The main source of the buildup of water in transformers is the atmosphere. Sokolov et al [9] 
performed the study of moisture ingress and found few mechanisms that lead to moisture ingress 
from the atmosphere, such as absorption of water during the direct exposure of the insulation to air, 
for repair and site erection process. Moisture ingress into the transformer tank by molecular flow, 
due to an imbalance between the moisture atmospheric pressure and the gas space or oil of the 
transformer. This clarifies the diffusion of gases through the sealant or gaskets [10]. The air entering 
the conservator due to expansion and contraction of the oil must be free of dirt and moisture. The air 
entering the conservator due to expansion and breathing during load cycles. Gasser et al [11] 
performed a similar study and confirms the above study of moisture ingress. 
3. Decomposition of cellulose and oil. 
The decomposition of cellulosic materials leads to degradation and the formation of byproducts 
including moisture content and furanic compounds [12]. Urquiza et al [13] conducted an 
experimental study using the chemical reaction method and found that de-polymerization of 5 to 6 
scissions leads to the development of about 2% moisture content into the cellulose insulation. 
Heywood et al [14] have shown the degradation of the cellulose in laboratory experiments, result in 
an escalation of moisture in paper insulation and succeeded by [15], [16], later confirmed by [17]. 
2.4 Effect of Moisture Content in Power Transformers 
The insulation system of a power transformer consists of oil and paper insulation. Their strength 
degrades over time depending on the atmospheric condition and the loading of the power transformer. 
The appearances of by-products and variations in properties deliver a good indication of the 
insulation condition. Emsley et al [18] the formation and effect of moisture content in the power 
transformer, using the chemical reaction method and found that rapid increases or severe changes in 
these by-products provide important caution to take crucial decisions to avoid any catastrophic costs. 
Furthermore stated that the big issues are on the paper insulation and absorb water, normally at about 
2-4 percent of water per paperweight ratio. Baird et al [19] conducted a similar study using a non-
destructive method and found that degradation of cellulose to be strongly influenced by scission and 
shortening of the cellulose chain. Further discussed the chain of chemical reactions that cause 
degradation and the release of gases and water into the surrounding oil, and some larger molecules 
such as furfurals, which depolymerize the cellulose. Baird et al [19] presented figure 2.1 below to 
highlight the deterioration analysis inside the insulation system of power transformer as a whole. 
 
Figure 2.1 the deterioration mechanism in the insulation of a power transformer [19]. 
2.4.1 Ageing of Cellulose Insulation 
Generally, it is accepted that the integrity of insulation in the power transformer defines whether the 
high voltage apparatus is operable. It is important to have comprehensive knowledge about ageing 
mechanisms of cellulose insulation. Wiklund [20] investigated the properties of insulation and found 
that few factors contribute to the ageing of the paper insulation system of power transformers, which 
are temperature, water, oxygen and acids formed in mineral oil. Lessard et al [21] investigated the 
ageing of power transformer insulation using chemical reaction method and found that moisture 
content and heat decompose the paper insulation yields to five furanic compounds such as 2-
furaldehyde (2FAL), 5-hydroxymethyl-2-furaldehyde (5H2F), 2-acetyl furan (2ACF), 5-methyl-2-
furaldehyde (5M2F), and 2-furfurol (2FOL). In addition, furan compounds originate simply from 
degradation paper insulation and they are true reflection of the degree of cellulose degradation. Arshad and 
Islam [22] conducted an experimental study using dissolved gases analysis, degree of polymerization, etc. found 
that thermal overloading produces water, oxygen, and acids in the oil-paper insulation, confirm that they lead to 
cellulose depolymerisation and produces free glucose molecules. These glucose molecules degrade the 
insulation under the furan compounds along with moisture content and amongst the above-mentioned 
furan compounds,  2FAL found to be the leading one and dominantly utilized determining the degree 
of paper insulation degradation and lifespan [13],[14]. 
2.4.2 Interfacial Tension Number of the Insulting Oil 
Interfacial Tension Number indicates the degree of soluble polar contaminants and oil 
degradation by-products present in the oil solution. Forouhari and Abu-Siada [24] conducted an 
experimental study using sampled oil from a power transformer for gas analysis, found that 
moisture content consists of polar molecules, and degrade the IFT number by dissolving in the 
oil. Standard ASTM D971-12 [23] explain the process, the sample is added in concentrated 
water, the lesser the gravity of oil in the water, the interfacial tension number float at the top of 
the solution, and the clear border amongst oil and water are shaped. Furthermore, the standard 
established that the IFT number of new oil to be approximately 50 mN/m, thus degraded oil is 
approximately 14 mN/m or less. Furthermore, highlighted that the insulation system of the power 
transformer degrade due to by-products contaminants, such as moisture content, and IFT number 
decreases over time. Table 2.1 below demonstrates the analytic importance of water content in 

















0.5% - 1.5% >27 healthy insulation 
1.5%-2.5% 24-27 entering medium risk zone 
2.5%-4% 18-23 entering in high risk zone 
>4% <18 entering imminent failure zone 
2.4.3 Tan delta or dissipation factor of the insulation 
Loss tangent measures the excitation current through the insulation, Mikulecky and Stih [26] 
conducted an experimental study using power frequency dissipation factor of insulation under 
voltage of 0.5kV to 5kV and found that the amount of contaminants such as water content and other 
by-products degrade the insulation system of the power transformer. A higher loss tangent signifies 
insulation ageing. As per IEEE standard states the dissipation factors measured while doing routine 
tests on the power transformer providing the condition or the degradation of oil-paper insulation, or 
old power transformer the dissipation factor should be <0.5%, loss tangent between 0.5% and 1.0%  
may be satisfactory, thus loss tangent >1.0% should be investigated [6]. 
2.4.4 Dielectric strength of the insulation 
Dielectric strength measures the capacity of insulation to withstand the electric field without breaking 
down or allowing current flow. Griffin [28] conducted an experimental study using sampled oil from 
a power transformer for kV test, found that the moisture content plays a big role in the degradation 
or ageing of the insulation system, and run through to the spot with extreme electrical stress. 
Forouhari and Abu-Siada [24] performed a similar study using the degree of depolarization, kV test 
and found that moisture content consists of polar molecules that decrease the dielectric strength and 
resistivity of the insulation and upsurges partial discharge trend. Gray [29] performed another similar 
study and found that the weakening of dielectric strength accelerates the breakdown of the insulation 
system by delivering water content in a vicious cycle. Furthermore, state that 4% of wetness content 
leads to a decrease of dielectric strength by 10%, thus 8% results to a 40% decrease. As per the IEC 
60156 standard dielectric strength of the insulation system, it must be 70kV/2.5mm or higher and 
Ass the insulation ages, its capability drops due to contamination from by-product [30]. 
2.5 Moisture prediction techniques  
Transformers are the main important apparatus used in the transmission and distribution of electrical 
power systems. Thus, it is important to monitor precisely their health conditions, learning their ageing 
behavior and other faults might occur on the apparatus [31]. Arvind et al [32] conducted a review 
study base on condition monitoring and reported that transformer condition monitoring provides the 
greater benefits in determining the feasible operating reliability and best life of high voltage apparatus 
in the power system. It reduces the threats of early failures, brings along the potential to optimum 
strategies of system maintenance, and provides the enormous benefits of monitoring. CIGRE 
performed a similar study in 2004 that showed that condition monitoring improves the risk of 
disastrous failures by 50%, also highlight that early detection of improve the loss of revenues by 65% 
and reduce the cost of repair or maintenance by 75% [31], [33]. Jaiswal et al [34] conducted a review 
study on the development of technology and found that artificial intelligence for monitoring made it 
possible to do continuous condition monitoring and assessment of power transformer. Two ways 
proposed to collect data and monitor the power transformer in the power system, which are online 
monitoring and offline monitoring. The main focus of the study is based on offline technique as a 
diagnostic method and use the proposed model as prognosis method as future work develop a new 
intelligent method using artificial intelligence based on dew point analysis for precise diagnoses of 
faults and assessment of insulation quality in power transformer. Cheng-rong et al [35] conducted an 
experimental study base on on-line conditioning and found that this monitoring method is best 
because data is continuously recorded, and accessed when necessary. The system does not need to 
be attendant by any personnel, it is precise if well-constructed, produce quality data and record all 
faults events. In addition, the system contains sensors and linked equipment schemes that are an 
integral part of the power transformer under monitoring. Cargol [36] performed a similar study and 
found that the scheme can be configured to alert the owner when faults occur and disconnect the 
transformer once exceed the limits. In online activities, data can be retrieved remotely at all times. 
However, on-line monitoring systems are expensive to obtain now, does why they are only used in 
critical power transformers. Jian et al [37] performed a study based on the off-line condition 
monitoring of power transformer and found that in this method, it requires the transformer to be taken 
out of power system to perform the measurements, testing equipment are provisionally connected 
and disconnected after the tests completed. Because is not economical to use the on-line system, off-
line methods are introduced to increase the reliability and quality by monitoring the power 
transformer [38]. Irungu et al [39] conducted a similar study and found that off-line techniques 
require work force to set up, take measurements, and take time and interruptive. Errors may be 
introduced during manual recording and restrict the quantity of data recorded. However, off-line 
monitoring systems are cost-effective for all different types of transformers, since required 
instruments and sensors are not part of the apparatus [40]. Thus, a similar setup is utilized from 
various transformers. Examples of off-line monitoring systems are; Dew point measurements, 
Frequency domain spectroscopy measurements, Karl Fischer Titration, etc. 
 
 
2.5.1 Karl Fischer Titration 
Karl Fischer titration is a technique in diagnostic chemistry that quantify trace of moisture 
content in a sampled oil using volumetric or coulometric titration. The process of adding the 
reagent of titre to an unknown material until the concentrations are balanced and the 
stoichiometric equation is used to calculate the content of water. Koch et al [41] performed a 
study using Karl Fischer's methods to determine moisture content in the power transformer and 
found that most manufacturers of transformers mostly use the method to benchmark for other 
techniques. Furthermore, showed that there are few factors affecting the accuracy of the 
technique such as atmospheric ingress of moisture during oil sampling, transportation of the 
sample from the site to the laboratory and sample preparation. Cellulose binds water with 
chemical bonds of different strengths. It is unclear whether the high temperature releases all the 
moisture content, therefore thermal energy and time clearly change the freeing of moisture 
content [41]. Martin et al [42] conducted a similar study with the use of Karl Fischer titration 
and found that the research lab treats constraints differently, deviating a bit from the standard 
procedures and Occasionally direct injection and heating technique lead to dissimilar 
measurements for water content in oil insulation. For these reasons, the inter-laboratory test 
showed poor results comparing to various laboratories [43]. Their relative moisture is estimated 
by the Equation below: 
 
                                            𝐖𝐖 =  
𝐦𝐦𝐇𝐇𝟐𝟐𝟎𝟎 − 𝐭𝐭.𝐃𝐃𝐭𝐭 − 𝐦𝐦𝐇𝐇𝟐𝟐𝐎𝐎.𝐁𝐁
𝐦𝐦𝐝𝐝
 .𝟏𝟏𝟎𝟎𝟎𝟎%         (1) 
Where: 
W - Weight of the moisture  
𝒎𝒎𝑯𝑯𝟐𝟐𝟎𝟎– Water mass 
𝒎𝒎𝑯𝑯𝟐𝟐𝟎𝟎 .𝑩𝑩 – Mass of Humidity in empty sample vessel 
𝑫𝑫𝒕𝒕 – Drift (μg/min) - Moisture ingress into the titration system 
𝒎𝒎𝒅𝒅 – Mass of dry and oil-free paper 
 
Decisively, Karl Fischer titration is utilized to evaluate the inaccuracy characteristics of other 
techniques. This mostly applies if insulation samples are taken from one power transformer to 
judge the measurements of new methods like Frequency Domain Spectroscopy [44]. 
2.5.2 Dielectric Response Techniques 
Dielectric diagnostic techniques detect water content in solid insulation from dielectric properties 
such as return voltage, polarisation and depolarisation currents and loss tangent. The main reason 
behind the development of dielectric response techniques was based on the shortage of moisture 
content measurement on-site and the unsatisfactory results of the traditional methods used. The 
techniques developed progressively with potential to high accuracy and they are further 
explained as follows;- 
1. Recovery Voltage Method RVM 
In this method, the insulation system of a power transformer is polarized by injecting a DC voltage 
for charging time tc, after short circuit is introduced for time td,and result in peak recovery voltage at 
time tm, and they are presented in figure 2.2 [45]. The Polarisation spectrum is produced by the 
repetition of relaxation phenomenal and polarization of the insulation. 
 
Figure 2.2 Procedure of a recovery voltage measurement [45]. 
 
Gavrila and Ilies [46] conducted a study using the recovery voltage method and found that most users 
of the method find it difficult to identify the highest point of the graph while on site. The solution 
was to use the spectra of two values to determine the highest point in the polarisation spectrum and 
the result was readily distinguished. This method proves not to be reliable because of the typical 
interpretation of the method, as it is strongly reliant on identifying the maximum point in the 
polarisation spectrum. In addition, the maximum point of recovery voltage techniques is small, 
making it difficult to conclude whether the maxima is real or must be compensated for disturbances 
[47].  
2. Polarisation and Depolarisation Currents PDC 
This technique is based on the application of a dc voltage across the insulation for a certain time. 
During that period, induced current occurs from the initiation of the polarization process with various 
time constants matching the insulation system, and conductivity of the insulation is measured [48]. 
After the voltage is disconnected and the transformer is short-circuited. The initiated process of 
discharging current begins by rising in the opposite direction, and there is no conductivity. Figure 
2.3 below shows the typical process polarisation and depolarisation currents [49]. 
 
Figure 2.3 typical process polarisation and depolarisation currents [49]. 
While the technique gains its popularity, Alff et al [50] performed a study using the polarisation 
and depolarisation currents in different substations and found the technique is user friendly for 
evaluating the condition of solid and oil insulation of a power transformer. Because the properties 
of the insulation system can be measured separately from the experiments [51]. Leibfried and 
Kachler [52] conducted similar study based on the technique and found that the properties and 
geometric structure of the insulation system influence the method and factors such as ageing 
conditions and conductivity of the insulation system. This method proves not to be reliable 
because is dependent on various factors temperature and other by-product occurring in the power 
transformer insulation. 
3. Frequency Domain Spectroscopy (FDS) 
This method is a derivative of well-known loss tangent measurements, with the series of 
frequency improved for low frequencies. Figure 2.4 shows the typical S-shaped curve of the loss 
tangent through frequency and the scientifically approved analysis for moisture content in the 
power transformer [53]. 
 
Figure 2.4 shows the s-shaped curve of the loss tangent insulation [53] 
Liu et al [54] conducted an experimental study using the frequency domain spectroscopy and 
found that the loss tangent technique has been utilised to evaluate moisture content at different 
conditions, including various temperatures and insulation geometry with the equivalent software 
programs. The measurement is mostly compared with the Karl Fischer titration method. Sekatane 
et al [55] performed a similar study and presented the basic theory of Frequency Domain 
spectroscopy with the use of the sinusoidal current I(ω) equated to the multiplication of 
capacitance C(ω) sinusoidal voltage U(ω) and shown in equation (2) below: 
I(ω) = jωC(ω)U(ω)         (2) 
With (2) this can be written in more detail as: 




I(ω) = jωC0U(ω)[ε′(ω) − jε′′(ε)]          (3) 
The capacitance is now a complex number consisting of losses C′′(ω) and “pure” 
capacitance C′(ω). 
 
C(ω) = C′(ω) − jC′′(ε) =  C0[ε′(ω) − jε′′(ω)] 




+ χ′′(ω)]        (4) 
The loss capacitance C′′(ω) in (4) includes resistive and dielectric losses. A measuring instrument 
will always indicate both quantities and discrimination is not possible. Since the measured 
permittivity εr,m includes the conductive losses as well, it is different from the ideal permittivity εr 
as defined in ε = ε0 + (1 + χ). The well-known dielectric dissipation factor tan δ is equated to the 












      (5) 
Equation (5) indicates the frequency dependence of the tanδ. Thus, an assessment at one single 
frequency will not give comprehensive information about the insulation constitution. The real part of 
permittivity ε′(ω) is here split into a constant high frequency part ε(∞) and a frequency-dependent 
susceptibilityχ′(ω). In reality, also ε(∞) is a function of frequency, but not within the frequency 
range considered here of up to some kHz. Gäfvert et al [56] conducted an experimental study using 
the technique with concentration to the S-shaped curve and found that the S-shaped curve represents 
the dissipation factor of the insulation against the frequency. However, high frequencies and low 
frequencies are affected when measuring moisture content because of the temperature. The increase 
in temperature shifts the curve towards higher frequencies. The central area of the plot with the 
vertical slope reveals the conductivity of the oil [57]. Karlstrom et al [58] performed another study 
based using modern moisture content measurement, such as frequency domain spectroscopy, and 
found that utilization of dielectric response for moisture content in power transformer, it is the good 
approach you can rely on. The corresponding algorithm produces a confirmed dielectric response 
and provides a methodology that reveals the estimation of the transformer insulation system [57]. 
Niasar et al [59] conducted a similar study and found that technique uses the best process that yields 
to temperature correction of the oil conductivity, loss tangent and frequency. This proves that the 
method can be conducted at any temperature condition. Further, clarify that the constant temperature 
of the oil can be measured from the top windings of the main transformer, be used in the instrument 
for correction factor, as it is important to work the results on the same temperature to avoid 
interpretation errors [57]. Zaengl [60] performed a similar study and found that the loss tangent 
technique is most important in describing the condition and the quality of the insulation, from the 
losses in the cellulose and oil insulation, result in loss tangent at 50 Hz.  Ekanayake [61] performed 
a similar study and found that the technique cannot differentiate the dryness of the insulation of the 
transformer, with operational ageing oil from moisture, with newly replaced oil and the technique is 
not responsive to wetness underneath 2%. Du et al [62] performed a similar study and found that the 
calculation of temperature correction factor differs with various standards and manufacturers of loss 
tangent and equipment’s user guides are inappropriate for the specific transformer. The literature 
revealed that various approaches have comprehensively studied with numerous assessments and 
experiments, the frequency domain spectroscopy is still the best in assessing the moisture content in 
the insulation of the power transformer.   
4. Dew point measurement  
The measurement of moisture content in the cellulose insulation in percentage (%) and oil insulation 
in particle per molecule (ppm) is a normal procedure for manufacturers of power transformers [63]. 
This method consists of three processes: the first step is a sampling of oil in the power transformer. 
Secondly, the measurement of moisture content in the oil is done by using Karl Fischer technique 
and lastly, water content in solid insulation is deriving through equilibrium diagrams. Garcia et al 
[64] investigated the measurement of moisture content using dew point measurement and found that 
the second process is affected by critical errors, which are a sampling of the insulation, transport to 
the laboratory and equilibrium conditions are hard to achieve. Furthermore, showed that equilibrium 
depends on wetness solubility in liquid insulation and wetness adsorption capacity of paper insulation 
[63]. Contaminants or oil molecules that degrade the insulation system can cause moisture content in 
the insulation of power transformer. Ingress from atmospheric pressures or interruption when water 
content of the insulation is higher than the saturation [57]. The moisture content of oil insulation is 
measured in parts per million (ppm), which is the weight of moisture to the weight of oil (µg/g) [65]. 
Martin et al [66] performed an experiential study based on the technique and found that relative 
humidity as the ratio of vapor dissolving in the insulation to a high absorption of vapor, and dissolve 
in the insulation before it gets to actual saturation.  Further, established that saturation of the 
insulation is the true image of the functional changes in apparatus than wetness of the insulation in 
ppm [17]. Concluded that the combination of the relative humidity, ambient temperature and actual 
tank temperature yield to a method called Dew point measurements [66]. Zhang et al [67] conducted 
a similar study of moisture prediction and found that paper insulation consists of high moisture 
content compared to oil insulation. Figure 2.5 shows that cellulose insulation has a major attraction 
for moisture and it can hold between 4% to 8 % moisture [68]. 
 
 
Figure 2.5 Solid insulation moisture content over temperature and relative humidity [68]. 
Forouhari [68] performed an experiential study using the equilibrium chart and found that water 
content in the insulation affects the lifespan of the power transformer drastically particularly solid 
insulation. Elaborated further by providing that the manufacturing companies need to remove 
moisture in the insulation, by drying with regen or vacuum processes to achieve up to 0.5% of 
moisture content. The prediction of moisture content is broad and requires more knowledge and 
understanding of the process [69]. Figure 2.6 presents an example of an equilibrium diagram [68]. 
 
Figure 2.6: Moisture equilibrium curves [68] 
Equilibrium graphs compare moisture content in different temperatures of the oil-paper insulation 
estimated in ppm or percentage. Liao et al [69] performed an experiential study using the charts and 
found that few concerns such as temperature in cellulose insulation differ and the graph approximates 
the average of wetness in the insulation and lastly moisture is not always in the same position due to 
different temperatures. Li et al [70] performed a similar study, found that that the graphs have more 
restriction when used in the low temperature of the oil and paper insulation, the changeover is very 
slow, and make it difficult to complete. Pahlavanpour et al [71] performed another similar study 
using the equilibrium diagram and found that the method is regarded as a good technique when using 
the traditional way to access moisture in the transformer. Due to limitations and disadvantages, the 
methods developed recently to estimate of water content should be utilized, the issue is they are 
expensive, for example, frequency domain spectroscopy is used to estimate the water content in the 
transformer insulation more accurately without considering the equilibrium status of the insulation, 
etc. [72] - [75]. 
5. The summary of the methods and Artificial Intelligence 
Applications 
Due to broader discussions in the literature based on the prediction of moisture content. Different 
methods are available to measure wetness levels in paper insulation using the categorization of 
transformer dielectric response. Some of these methods are; Recovery Voltage technique (RVM) or 
the Polarization and Depolarization Current technique (PDC) they are constructed on the assessment 
of dielectric response in the time domain. Furthermore, the dielectric response assessment is 
achievable in the frequency domain as the Frequency Domain Spectroscopy (FDS) method, which is 
used as the validation model because literature proves to be more accurate.  Because they present 
less influence from electromagnetic noise compared to those in the time domain, and its reliability is 
highly rated. By the application of these methods is possible to get a precise prediction of moisture 
content compared to the traditional techniques (tanδ, dew point, etc.). The manufacturer of power 
transformers prefer the traditional techniques and they form part of their testing routine to increase 
the quality and reliability of the high voltage apparatus. An artificial intelligence system is introduced 
in the modern days to predict the condition of power transformer, with the use of different inputs like 
interfacial tension number of the insulating oil and other by-products found in the insulation [73]. 
Tao et al [76] conducted a study using the artificial intelligence in comparing the breakdown voltage 
of the insulation with moisture content, acids and aging of the transformer. Found percentage error 
to be 10% amongst the predicted and actual measurements of breakdown voltage. This finding proves 
not to be reliable because the breakdown voltage model requires total acids and moisture content as 
inputs to function well. In addition, highlighted that the model is expensive due to the input 
requirements. However, the proposed model in the research is to improve the dew point prediction 
measurement of moisture content by the use of artificial intelligence. Dew point is the preferred input 
for prediction of moisture content in the insulation system and is economical as is part of the test 
routine in the factory of transformers. Artificial intelligence has succeeded as a more accurate 
diagnostic to 87-100% based on the input and output patterns selected [77]. The developed method 
such as prediction of dissipation factor contributed higher accuracy, mobility of the equipment and 
improved the reliability of moisture determination. Hence, the loss tangent is suggested as the 
validation method of the proposed artificial intelligence model. 
2.6 Conclusion 
It is clear from the literature review of conditioning and assessment strategies in power transformer 
by using artificial intelligence is of great importance, when keeping the operational cost at minimal. 
In conditioning and assessment procedures, dew point parameters are successfully predictable like 
relative humidity, ambient temperature and tank temperature. However, the main issues of the 
prediction are mostly related to the interpretation of measurements. Traditional assessments of 
moisture content in the power transformer present a high dependence with the transformer geometry, 
which is generally unknown, as the manufacturer hardly provides such information about insulation 
arrangement etc. Accordingly, this research work is focused on developing reliable transformer 
condition assessment strategies through artificial intelligence, more specifically ANFIS. The 
proposed dew point prediction strategies in this thesis should improve the diagnosis accuracy and 
minimize the transformer operational costs by increasing the reliability and quality of power 
transformer. furthermore, the frequency domain spectroscopy is also proposed as the validation 
method, because is rate as the best technique in predicting moisture content in the power transformer 
though is expensive to own one. The next chapter shall present the process of adaptive neuro-fuzzy 
inference (ANFIS) method as proposed in this thesis to improve the dew point-based model.  
  
Chapter 3: Experimental Work  
3.1 Introduction 
This chapter discusses the details of the methods applied in a bid to improve moisture prediction 
models for power transformers. The key areas of this chapter are; data acquisition techniques 
procedures with the dew point technique, to derive the weights of inputs used for assessing the 
condition guide of a power transformer. These weights are modeled by the proposed ANFIS. 
Furthermore, the results of obtained input weights utilizing both techniques are validated using 
FDS and compared in form of percentage error. Lastly, the chapter concludes on the use of these 
key techniques in order to produce the necessary data to be used for modeling. 
 3.2 Dew point Implementation Technique 
Dew point techniques are considered as one of the best practices commonly used for moisture content 
detection in the power transformer manufacturing industry [26], [57], [77]. Accordingly, the correct 
moisture content estimation technique must be in conformity to the IEEE C57.93 [79]. Therefore, in 
this context, the following procedure was observed. 
3.2.1 Dew Point Measurement Procedure:  
For the purposes of this test, 11 different 20 MVA, YNd1 power transformers (See Table 3.1) were 
pressurized with dry air at 14 kPa (0.14Bar) for 12 hours. This was done to ensure that the temperature 
of moisture content, likely to be present in the insulation of power transformers under test migrate 
into the gas, and has reached an equilibrium state. Stainless steel sampling valve and flow valve was 
installed on the upper of the bottom main tank valve to collect the sample. After the flow valve was 
opened for one minute to clean the valve to any dirt, etc. The dew point meter was connected through 
the sampling line adapter to the flow valve. The meter was calibrated and place for two hours to reach 
the atmospheric temperature. Subsequently, the stainless steel sampling valve was opened fully and 
the flow valve was slightly adjusted to allow the rate to the meter. The sensor of the meter will 
gradually increase the dew point reading for the insulation. Prior sampling a maximum of five 
minutes was given for the readings to stabilize and after the given time exceed input variables such 
as Dew point Temperature (Td), in degree Celsius, Tank Air Temperature (T), in degree Celsius and 
relative humidity (%RH), in percentage was recorded on the meter. If the readings on meter fluctuate, 
it tells that installation of the dew point equipment was not proper or maybe, there was a leak on the 
transformer and redo of the test was done to get proper results. When satisfied with the stabilized 
readings, flow valve and stainless steel sampling valve were closed off and the sampling line adapter 
was also disconnected. The dew point meter was switched-off and return in the storage box. Figure 
3.1 presents the components used in 3.2.1. 
 
Figure 3.1: Components connected to the bottom main tank of a power transformer. 
After all the necessary measurements of the parameters through the process of 3.2.1, the equilibrium 
chart was used as shown in figure 3.2 to predict the moisture content of the insulation system of a power 
transformer. The IEEE C57.93 [78] stated that moisture content in the insulation system of power 
transformer should be approximately 0.5%. 
  
Figure 3.2: equilibrium diagram for moisture content prediction [9]. 
 
The dew point measurements obtained are given in Table 3.1. 













1 -49.3 27.2 0.2 0,36 
2 -41.7 27.4 0.3 0,47 
3 -51.0 26.4 0.1 0,19 
4 -47.3 22.5 0.4 0,84 
5 -42.5 19.3 0.6 1,32 
6 -41.2 18.6 0.8 1,77 
7 -40.7 20.7 0.5 0,98 
8 -46.0 20.6 0.4 0,89 
9 -44.0 36.4 0.2 0,24 
10 -48.0 21.6 0.3 0,67 











3.3 ANFIS Model Procedure 
The ANFIS computational technique has been efficiently used in the diagnosis of power transformers 
[1], [30], [55], and [68]. The moisture content data obtained from table 3.1 (dew point temperature, 
actual temperature, relative humidity and obtained moisture content) were used in ANFIS in order to 
test the accuracy of dew-based moisture content prediction in the power transformers.  
3.3.1 ANFIS Measurement Procedure:  
The technique applied in this work utilizes five different mechanisms as the flow chart stipulated in 
figure 3.2 below. Firstly, the fuzzification system was utilized to assign the recorded input parameters 
in table 3.1, to its corresponding membership functions (mf), representing a fuzzy set, and This was 
done to define the degree of the parameters to the designated mf. Secondly, mf describes the fuzzy 
arrangements that were utilized as fuzzification and defuzzification. Furthermore, the Gauss 
functions were used to define the data parameter on the mf. Thirdly, the rules were created to affiliate 
the relationship between the inputs and output information, deriving the provisional arrangement of 
"IF-THEN" or "IF-AND / OR- THEN". Fourthly, the fuzzy inference engine was used to transform 
the fuzzy inputs into fuzzy output. Data pairs of about 198 were used to train the system and 80 data 
pairs were used to check the system accuracy. Lastly, the defuzzification was utilized to compute the 
output from the mf to produce the required output results.  
 
Figure 3.3: ANFIS structure and flow chart for model development. 
3.4 Frequency Domain Spectroscopy 
FDS is commonly used for testing the tan delta, capacitance, moisture content and oil conductivity 
in the power transformer [55], [54]. For the purpose of this work, this technique is used to validate 
ANFIS based moisture content prediction.  
3.4.1 FDS Measurement Procedure: 
The technique was conducted on the same transformers used in 3.2.1, with HV (YN) and LV (d1) 
short-circuited but not to each other. Furthermore, it was conducted via the FDS instrument as per 
the operation and user’s manual of the instrument. The test set output terminal was connected on the 
high voltage side, input terminal was connected on the lower voltage, and the earth terminal was 
connected to the transformer main tank earth terminal for protection of the equipment. Figure 3.3 
presents the test setup of the FDS technique. The technique was used as the loss tangent measurement 
over a frequency range of 1000 to 0.001 Hz. The ambient temperature, top-oil temperature and 
ambient humidity in the instrument data files were recorded for correction or reference. Experiments 
were conducted for CH, CL and CHL values.  The technique concluded by the resultant graph that 
was modified automatically through the software, revealing all relevant results including Moisture 
Content and Oil Conductivity for each set of test configurations. After completion of testing, the 
instrument was switched off to de-energize and securely packed away ready for the next test.  
 
Figure 3.4. FDS test setup 
 
3.5 Conclusion  
The data acquisition technique using dew point, FDS and the ANFIS-based model procedure was 
applied in this work were discussed in detail. Hence, it is expected that the improved moisture 
content prediction of the power transformer will be implemented. Further confirmation will be done 




Chapter 4: Prediction of moisture content using ANFIS 
4.1 Introduction 
In this section of the dissertation, the ANFIS model is applied to predict the moisture content. The 
dew point predicted values obtained in chapter 3 are used as input parameters.  A step by step model 
building and key design stages as well as the obtained results and the use of FDS as validation are 
discussed in this section.  
4.2 ANFIS-Based model 
The technique was established by utilizing fuzzy logic toolbox graphical user interface in MATLAB 
software to map the input variables of Dew point Temperature (Td), in degree Celsius, Tank Air 
Temperature (T), in degree Celsius and relative humidity (%RH), in Percentage; to the percentage of 
transformer moisture content as the output variable. Figure 4.1 presents the Simulink model of the 
proposed model. 
 
Figure 4.1 Simulink block diagram 
The fuzzification system was used to assign the aforementioned input parameters in table 3.1, to its 
correspondent membership functions (mf), are shown in figure 4.2, figure 4.3, figure 4.4 and figure 
4.5 of which they represent the fuzzy set, and to define the degree of the parameters with qualitative 
information in Table 4.1. 
 
Figure 4.2. Membership functions of input variable Relative Humidity (%RH) 
Figure 4.3. Membership functions of input variable Tank Air Temperature (T) 
Figure 4.4. Membership functions of input variable Dew point Temperature (Td) 
 
Figure 4.5. Membership functions of output moisture content. 
Table 4.1. Diagnostic significance of moisture content in oil-paper insulation [78] 
Paper insulation moisture content Significance 
<0.3% As New Every Healthy Insulation 
0.30 – 0.50% Good Healthy Insulation 
0.50 - 1.0% Deteriorated Entering a high risk zone 
>1.0% Investigate Entering an imminent failure 
zone 
The input variable contains three membership functions, which consist of 27 fuzzy rules to model 
this research work. Each of these rules characterizes relative to input and output variables, being in 
the arrangement of “If-And-Then” statements. The graphical illustration of these rules that shape the 
relation between Dew point temperature, Tank air temperature, and relative humidity to the 
determination of moisture content in the paper insulation of a power transformer is shown in figure 
4.6. 
 
Figure 4.6. Proposed Fuzzy rules 
 
The fuzzy rules in the fuzzy logic inference system were well defined based on the problem 
investigated of improving the data of the dew point prediction technique. The mathematical 
illustration of the centre of gravity equation is shown in (6),  
            𝐙𝐙𝟎𝟎 =  
∫ 𝐳𝐳.𝛍𝛍𝐜𝐜(𝐳𝐳)𝐝𝐝𝐳𝐳
∫𝛍𝛍𝐜𝐜(𝐳𝐳)𝐝𝐝𝐳𝐳
          (6) 
Where: Z0 is the defuzzification output, µc (z) is the output membership functions related to the 
input data and fuzzy rules and z is the fuzzy system output variable [80].  ANFIS learning technique 
customized the membership functions and rules according to the information data and any 
variations in the input data, corresponding to the output information. Figure 4.7 presents the 3D 
plots of the proposed model, showing how the input data are correlated to the output percentage 
moisture content of transformer insulation. 
 
Figure 4.7. Three-dimensional display of the proposed FIS-based mapping 
The collected data was divided into two groups of data for checking and training purposes. the 
checking procedure contains 198 batches of data and the training procedure consists of 80 batches 
of data. Over checking and training procedure of the adaptive neuro fuzzy inference system, the 
hybrid algorithm was applied to optimize rules and membership functions of the proposed model 
[81]. It calculates and adjusts random weights as the learning technique, continues up until the 
variance among the concrete and anticipated output, perfect error and encounter the stated principle 
[81], [82]. The error of the model check and train through the presentation of the ANFIS technique 
to the collected data is illustrated in Figure 4.8. 
 
Figure 4.8. ANFIS training error. 
 
This error expressed in percentage, which was the variance between the actual moisture content of 
the transformers, collected during the testing of the power transformers. Evaluation of moisture 
content model was reduced as checking (in + sign) and training (in blue circle) until it reaches the 
epoch of 100. The architectural structure of the adaptive neural fuzzy networks for the proposed 
model is presented in figure 4.9. Dew point temperature (Td), tank air temperature (T) and relative 
humidity (%RH) were used as the input variables in this architecture to improve the moisture 
content of power transformers to a single output. It also has illustrations by means numerous layers 
and nodes of how the developed of ANFIS system work together.  
 
Figure 4.9. ANFIS-based model network 
The mathematical presentation of the proposed technique was presented in figure 3.2 and figure 4.9 
in a form of ANFIS structure with five different layers, which was the architectural structure and 
exhibited the framework of x-input and y- input. The mapping of input to output was constructed by 
the hybrid-learning algorithm of the proposed model and supported by both human data and 
identified parameter data [81]. Sugeno system was utilized in the fuzzification inputs and 
membership function as constant due to the production of membership functions.  The layers were 
explained as follows: 
Layer 1, consists of a fuzzy set ( A1, A2, B1 and B2) in which they were adaptive, and can be 
transformed by equation (7) and (8). Where 𝑥𝑥 represents the input of node i and  Aiserves as the 
associated linguistic variable to this node function. Therefore, it can be concluded that  O1 
represents the associate membership function with A1, which determines the membership degree 
of the input 𝑥𝑥. 
 
  
                             O1,i = μAi(x) for i = 1,2                 (7) 
O1,i = μBi−2(y) for i = 3,4                     (8) 
Layer 2, represents the non-adaptive nodes that were labelled with Π and the output is shown by 
equation (9); the weighting factor wi was multiplied by input signals on each node and direct the 
result to the next layer. 
        O2,i = wi = μAi(x). μBi(y) for i = 1.2              (9) 
Layer 3, was used to stabilize the degree of activation by calculating the number of parameters of the 
previous layers and described by equation (10). 
                       O3,i = wi =
w1
w1+w2
= wi∑wi , for i = 1,2               (10)                                                                    
Layer 4 represents the adaptive system, described by equation (11). 
                O4,i = wi. fi = wi(pix +  qiy + ri), for i = 1,2           (11) 
Equation (12) describes the adaptive data of the 4-layer, wi  as output  
                           fi = (pix + qiy + ri), for i = 1,2                  (12) 
Layer 5, is non-adaptive, labelled with Σ and is the output function of ANFIS is produced by Equation 
(13). 
                                  O5,i = ∑ wi. fii =
∑ wi.fii
∑wi
          (13) 
The Multilayer feedforward structure was presented in Figure 3.2 and its node functions have a 
specific presentation on the inputs and related information. The adaptive systems nodes presented by 
square nodes or Circle nodes. To find an adequate mapping from the information or parameters, the 
adaptive nodes were adjusted according to training data. Thus, numerous optimization algorithms, 
like backpropagation and hybrid learning algorithm [80], [81] and [82]. In this thesis, the hybrid-
learning algorithm was utilized to develop the ANFIS model. Adaptive networks can be trained in 
two ways, on-line and off-line learning functions. In the first one, the knowledge was contained 
within the utilization of particular operators and later it combines algorithms altogether. The second 
was on-line data information of the network update immediately resulting in the arrangement of each 
input-output data pair. As presented in the architectural structure, input data were mapped over 
characteristic nodes of the input membership functions and then over characteristic nodes of rules 
and output membership functions into the output data. To maintain the accuracy of the proposed 
model, the system was trained and checked in a form of input and output data. Figure 4.10 presents 
the training data shown in blue circles which are actual moisture content of transformers, and the red 
cross presents the output of the ANFIS-model. 
 
Figure 4.10. Training data for validation of the model. 
The proposed ANFIS-based model flow chart is presented in figure 4.11, of which is the process 
explained in this chapter as a whole.  
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4.3 Obtained simulation results compared with Dew-Point 
prediction  
Dew point technique does not deliver the desired accuracy, as stated in IEEE C57.93 [79], few 
units were failing the test as they were above the tolerance. Therefore, the need to improve the 
technique was require to increase the quality of the insulation system as a whole and to avoid 
false interpretation of the measurement process of the technique. Table 4.2 illustrate the 
obtained results from the ANFIS-based model compared with the dew point prediction. The 
ANFIS-based model produced positive results as compared to the results of dew point 
prediction and it shows noticeable improvement. The trained model by ANFIS can estimate 
the moisture content of a particular transformer more accurately. It means the ANFIS technique 
operates precisely and best optimizes the data of the transformers through the membership 
functions and rules. 
Table 4.2 Dew point measurements compared with ANFIS technique 
Sample 
number 
Dew Point Results ANFIS Output %Error 
1 0,36 0,31 14 
2 0,47 0,40 15 
3 0,19 0,17 11 
4 0,84 0,73 13 
5 1,32 1,12 15 
6 1,77 1,60 10 
7 0,98 0,89 9 
8 0,89 0,65 27 
9 0,24 0,20 17 
10 0,67 0,57 15 
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4.4 Validation of the Dew Point Method using FDS 
The fast and accurate modelling of moisture content in power transformer is an important 
aspect for the implementation of greater quality of the insulation system [55]. This section 
presents a novel validation approach for moisture prediction on power transformer. Firsly, its 
starts by the comparing the dew point and Anfis-based model, secondly it will present the 
correlation between dew point and FDS technique, Lastly it show the comparison of FDS and 
ANFIS in determining the positive or negative trends between the methods. 
4.4.1 Correlation between Dew point technique and ANFIS-based 
model. 
ANFIS technique was utilized to model the dew point results to improve the accuracy of the 
prediction model of moisture content in a power transformer. The proposed ANFIS-based 
model produced positive results when comparing to the sampled results of the dew point 
method. The ANFIS models show a noticeable improvement with the average percentage error 
of about 17% between the two measurements. Figure 4.12 below presents the graphical 
presentation of data information as stipulated in table 4.1, with dew point technique in the blue 
line and ANFIS-based model in orange line. 
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4.4.2 Correlation between Dew Point technique and FDS 
technique. 
The Dew point-based prediction technique was high rated as stipulated in 3.2. The 
disappointing part about this technique it was found to have too many shortcomings that affect 
the accuracy of measurements [26], [57]. Figure 4.13 and table 4.3 presents the graphical 
presentation of the data information for the dew point technique and compare to the FDS 
technique. Furthermore, the dew point technique results were failing a few of the tested 
transformers, while FDS results were good. The estimated FDS results are shown in the orange 
line and they were much better than the dew point, as shown in Table 4.1, states that good 
results must be between 0.3 to 0.5% [78], [79]. The percentage error was calculated between 
the two measurements, shows an average of 13%, which was too high. FDS technique was 
used as the validation method in the thesis because it is reliable and accurate, though it is 
expensive and sensitive.   
Table 4.3 FDS measurements compare to dew point technique 
Sample 
number 
Dew Point Results FDS %Error 
1 0,36 0,37 -3 
2 0,47 0,50 -6 
3 0,19 0,30 -58 
4 0,84 0,17 80 
5 1,32 0,27 80 
6 1,77 0,17 90 
7 0,98 0,40 59 
8 0,89 0,23 74 
9 0,24 0,53 -121 
10 0,67 0,40 40 
11 0,79 0,47 41 
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Figure 4.13 Dew point technique checked with FDS measurements. 
4.4.3 Correlation between FDS technique and ANFIS technique. 
The trained model by ANFIS estimates the moisture content of a transformer more 
positively. It means the ANFIS technique operates precisely and best optimizes the data of 
the transformers through the membership functions and rules. The comparison between the 
ANFIS-based model and FDS technique shows the average percentage error of 8%, which 
validate the improvement of the model. The two techniques are graphically presented in 
figure 4.14 below. 
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4.5 Conclusions 
The simulation process of the ANFIS-based model was discussed in the chapter and produced 
promising results, which are validated by the use of the FDS technique, checking the accuracy 
between the techniques. The validation between dew point prediction and FDS technique 
shows some deviation with an average percentage error of 13%. This prove that FDS is more 
accurate compared to the traditional technique called dew point method. When the dew point 
technique is correlated to the ANFIS-based model, the deviation yields to an average 
percentage error of 17%, which shows the good improvement of the model. FDS compared to 
the ANFIS-based model gives an average percentage error of 8%.  The overall validation of 
the techniques yields to 38%, which present that the modeling of dew point technique was 
successfully improved and complete.  The training data model induced by ANFIS correlates 
the input and output data more accurately. It means the ANFIS technique operates precisely 
and best optimizes the data of the power transformer through the membership functions and 
rules. The conclusion and recommendation of the thesis shall be presented in chapter 5. 
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Chapter 5: Conclusions and recommendations 
5.1 Moisture Content in Power Transformers 
Analysis of moisture content in the power transformer was discussed in this thesis and the 
process revealed that moisture content is found to be the main factor in diagnosing the health 
of the insulation of power transformer. Moisture content form part of the by-products, degrade 
the insulation systems and decreases the life span of the power transformer including an 
electrical breakdown between the windings [3-6]. To be more precise, the moisture content is 
inversely proportional to the life span of the power transformer. Furthermore, the solid 
insulation in the power transformer consist of high content of water content, hence determining 
the wetness is important to improve the quality of the insulation system. However, the industry 
faces a serious issue in conducting a direct analysis of moisture content in the paper insulation, 
because is impossible.  
5.2 Dew Point Approach  
It is well known that water and electricity do not get along. Even the lowest quantities of 
moisture in the insulation system of the power transformer can have a fluctuating degree of 
problems starting from partial output to disastrous failure [64]. In this work, the fundamentals 
of predicting moisture content in the power transformer by the use of the dew point technique 
were discussed. The measurement was done on the transformer manufactured by a reputable 
company in South Africa. The test was conducted to provide accurate data to reveal 
information regarding the quality and integrity of the insulation system as a whole [63]. There 
are critical issues concerning to dew point technique, such as that is dependent on temperature 
and equilibrium chart [68-70]. Dew point technique requires more knowledge, understanding 
and power transformer manufacturers prefer it as best practice because is economical, though 
it has numerous critical factors.  This test is advantageous during the installation of a power 
transformer, factory acceptance test and ongoing conditioning and assessment of power 
transformer in the power systems. 
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5.3 ANFIS-based Model Implementation 
The ANFIS-based model is carried out precisely to forecast the health of the power transformer 
[30]. The technique was applied in this work in five different mechanisms as stipulated in 3.3.1. 
The moisture content data obtained from table 3.1 were modeled through the ANFIS-based 
model to test the accuracy of dew-based moisture content prediction in the power transformers. 
The trained parameters induced by the ANFIS-based model shows the greatest relationship 
between the input and output parameters more accurately. It means the ANFIS technique 
operates accurately and best optimizes the data of the power transformer through the 
membership functions and rules. 
5.4 Findings 
The study revealed that moisture is the most contributing factor to the degradation of the 
insulation system and decreases the dielectric strength of the power transformer.  The major 
sources of moisture content in the power transformer are residual moisture, ingress from the 
atmosphere and decomposition of cellulose and oil insulation. The moisture content found to 
be high in solid insulation than the oil insulation. The aging of the high voltage apparatus is 
directly proportional to the water content. Different measurement techniques are studied and 
found to have different advantages and disadvantages. The study of improving the dew point 
measurements was completed successfully through the ANFIS-based model and further 
validated by the use of FDS.  
5.5 FDS-based Validation 
The validation was done in performed in a form of percentage error calculations, comparing 
the Dew point measurement and ANFIS-based model by the use of FDS to check the accuracy 
between the techniques. It was performed successfully as presented in 4.4. Firstly, it starts by 
comparing the measurements of the dew point and ANFIS-based model, the deviation yields 
to an average percentage error of 17%, which shows the good improvement of the model. 
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Secondly, the validation between dew point prediction and FDS technique was performed and 
gives the deviation with an average percentage error of 13%. This proves that FDS is more 
precise compared to the dew point technique. Thirdly, the ANFIS-based model was compared 
with FDS, induces the average percentage error of 8%.  Lastly, the overall validation of the 
techniques yields to 38%, which proves that the modeling of the dew point technique was 
successfully improved and complete.   
5.6 Recommendations 
The dew point measurement should be studied due to the numerous environmental factors 
and different characteristics of the oil and cellulose insulation. All other moisture content 
measurement techniques are recommended to be used on moisture evaluation in the power 
transformer. More evaluation and probability assessments should be conducted before the 
techniques are presented in the case studies. This could help to improve each technique, 
which can be applied in moisture estimation. The results presented in this case study suggest 
that the use of the FDS  method to measure the moisture content of power transformers could 
be efficient and applicable in the real world. However, the ANFIS modeling precision can 
be improved by increasing data samples for training purposes by extracting data from various 
types of transformers. Since ANFIS modeling uses optimizing algorithms to map input data 
to output data, the performance of the proposed model may be improved with the usage of 
more powerful optimizing algorithms, which can adapt the model's rules and parameters in 
a more accurate way, resulting in more estimations that are precise. 
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5.7 Conclusion 
The results presented in this case study suggest that the use of the FDS method to measure the 
moisture content of power transformers could be efficient and applicable in the real world. 
However, the ANFIS modeling precision can be improved by increasing data samples for 
training purposes by extracting data from various types of transformers. Since ANFIS 
modeling uses optimizing algorithms to map input data to output data, the performance of the 
proposed model may be improved with the usage of more powerful optimizing algorithms, 
which can adapt the model's rules and parameters in a more accurate way, resulting in more 
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  -47.3000   22.5000    0.4000   -0.8409 
  -42.5000   19.3000    0.6000   -1.3212 
  -41.2000   18.6000    0.8000   -1.7720 
  -40.7000   20.7000    0.5000   -0.9831 
  -46.0000   20.6000    0.4000   -0.8932 
  -44.0000   36.4000    0.2000   -0.2418 
  -48.0000   21.6000    0.3000   -0.6667 
  -41.0000   25.9000    0.5000   -0.7915 
  -42.5000   19.5000    0.2000   -0.4359 
  -38.5000   39.7000    0.3000   -0.2909 
  -40.1000   58.3000    0.1000   -0.6880 
  -50.3000   36.0000    0.1000   -0.1397 
  -42.0000   27.9000    0.4000   -0.6220 
  -46.0000   32.4000    0.2000   -0.2840 
  -32.0000   52.5000    0.3000   -0.1829 
  -43.0000   31.0000    0.3000   -0.4161 
  -36.0000   39.1000    0.4000   -0.3683 
  -33.0000   44.8000    0.4000   -0.2946 
  -40.0000   44.4000    0.2000   -0.1802 
  -44.0000   36.4000    0.2000   -0.2418 
  -47.0000   23.5000    0.3000   -0.6000 
  -41.0000   56.3000    0.1000   -0.7280 
  -42.0000   27.9000    0.4000   -0.6022 
  -35.0000   41.0000    0.4000   -0.3415 
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  -48.0000   28.4000    0.2000   -0.3380 
  -32.0000   61.0000    0.2000   -0.1049 
  -36.0000   35.0000    0.5000   -0.5143 
  -45.0000   47.5000    0.1000   -0.0947 
  -38.0000   40.7000    0.3000   -0.2801 
  -47.0000   23.5000    0.3000   -0.6000 
  -31.0000   79.2000    0.1000   -0.0391 
  -43.0000   26.1000    0.4000   -0.6590 
  -40.0000   31.6000    0.4000   -0.5063 
  -42.0000   27.9000    0.4000   -0.6022 
  -43.0000   38.4000    0.2000   -0.2240 
  -32.0000   76.9000    0.1000   -0.0416 
  -46.0000   25.4000    0.3000   -0.5433 
  -49.0000   26.5000    0.2000   -0.3698 
  -42.0000   40.4000    0.2000   -0.2079 
  -33.0000   50.5000    0.3000   -0.1960 
  -34.0000   38.7000    0.5000   -0.4393 
  -40.0000   58.6000    0.1000   -0.0683 
  -48.0000   35.3000    0.4000   -0.5439 
  -36.0000   52.7000    0.2000   -0.1366 
  -31.0000   48.6000    0.4000   -0.2551 
  -41.0000   29.8000    0.4000   -0.5503 
  -40.0000   36.8000    0.3000   -0.3261 
  -46.0000   31.6000    0.4000   -0.5823 
  -36.0000   52.7000    0.2000   -0.1366 
  -46.0000   25.4000    0.3000   -0.5433 
  -35.0000   46.5000    0.3000   -0.2258 
  -45.0000   34.4000    0.2000   -0.2616 
  -36.0000   52.7000    0.2000   -0.1366 
  -48.0000   41.0000    0.1000   -0.1171 
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  -49.0000   19.7000    0.3000   -0.7462 
  -39.0000   60.8000    0.1000   -0.0641 
  -35.0000   69.9000    0.1000   -0.0501 
  -37.0000   33.2000    0.5000   -0.5572 
  -48.0000   28.4000    0.2000   -0.3380 
  -45.0000   34.4000    0.4000   -0.5233 
  -46.0000   25.4000    0.3000   -0.5433 
  -35.0000   69.9000    0.1000   -0.0501 
  -47.0000   34.4000    0.2000   -0.2733 
  -32.0000   52.5000    0.3000   -0.1829 
  -36.0000   44.6000    0.3000   -0.2422 
  -42.0000   33.0000    0.3000   -0.3818 
  -35.0000   41.0000    0.4000   -0.3415 
  -35.0000   54.7000    0.2000   -0.1280 
  -38.0000   48.5000    0.2000   -0.1567 
  -43.0000   31.0000    0.3000   -0.4161 
  -46.0000   45.3000    0.1000   -0.1015 
  -32.0000   76.9000    0.1000   -0.0416 
  -36.0000   44.6000    0.3000   -0.2422 
  -48.0000   28.4000    0.2000   -0.3380 
  -32.0000   52.5000    0.3000   -0.1829 
  -37.0000   42.6000    0.3000   -0.2606 
  -37.0000   37.2000    0.4000   -0.3978 
  -49.0000   26.5000    0.2000   -0.3698 
  -39.0000   46.5000    0.2000   -0.1677 
  -32.0000   61.0000    0.2000   -0.1049 
  -33.0000   74.6000    0.1000   -0.0442 
  -43.0000   26.1000    0.4000   -0.6590 
  -48.0000   17.0000    0.1000   -0.2824 
  -38.0000   31.3000    0.5000   -0.6070 
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  -35.0000   36.8000    0.5000   -0.4755 
  -32.0000   46.7000    0.4000   -0.2741 
  -43.0000   31.0000    0.3000   -0.4161 
  -45.0000   27.3000    0.3000   -0.4945 
  -36.0000   35.0000    0.5000   -0.5143 
  -37.0000   31.3000    0.5000   -0.5911 
  -47.0000   33.0000    0.3000   -0.4273 
  -31.0000   44.2000    0.5000   -0.3507 
  -46.0000   67.6000    0.1000   -0.0680 
  -45.0000   34.4000    0.2000   -0.2616 
  -46.0000   32.4000    0.2000   -0.2840 
  -45.0000   27.3000    0.3000   -0.4945 
  -32.0000   42.4000    0.5000   -0.3774 
  -42.0000   33.0000    0.3000   -0.3818 
  -45.0000   36.8000    0.3000   -0.3668 
  -37.0000   33.2000    0.5000   -0.5572 
  -30.0000   81.6000    0.1000   -0.0368 
  -46.0000   26.4000    0.3000   -0.5227 
  -45.0000   47.3000    0.3000   -0.2854 
   45.0000   47.5000    0.1000    0.0947 
  -40.0000   31.6000    0.4000   -0.5063 
  -33.0000   58.9000    0.2000   -0.1121 
  -49.0000   38.8000    0.1000   -0.1263 
  -45.0000   27.3000    0.3000   -0.4945 
  -36.0000   44.6000    0.3000   -0.2422 
  -47.0000   43.1000    0.1000   -0.1090 
  -32.0000   42.4000    0.5000   -0.3774 
  -31.0000   54.5000    0.3000   -0.1706 
  -42.0000   33.0000    0.3000   -0.3818 
  -45.0000   34.4000    0.2000   -0.2616 
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  -45.0000   27.3000    0.3000   -0.4945 
  -36.0000   52.7000    0.2000   -0.1366 
  -49.0000   38.8000    0.1000   -0.1263 
  -35.0000   46.5000    0.3000   -0.2258 
  -48.0000   21.6000    0.2000   -0.4444 
  -35.0000   29.5000    0.5000   -0.5932 
  -39.0000   46.5000    0.2000   -0.1677 
  -41.0000   34.9000    0.3000   -0.3524 
  -48.0000   41.0000    0.1000   -0.1171 
  -40.0000   36.8000    0.3000   -0.3261 
  -43.0000   26.1000    0.3000   -0.4943 
  -34.0000   42.9000    0.4000   -0.3170 
  -36.0000   29.5000    0.4000   -0.4881 
  -49.0000   33.0000    0.4000   -0.5939 
  -38.0000   31.3000    0.5000   -0.6070 
  -31.0000   48.6000    0.4000   -0.2551 
  -36.0000   35.0000    0.5000   -0.5143 
  -42.0000   33.0000    0.3000   -0.3818 
  -39.0000   46.5000    0.2000   -0.1677 
  -42.0000   33.0000    0.3000   -0.3818 
  -41.0000   24.2000    0.3000   -0.5083 
  -49.0000   34.4000    0.2000   -0.2849 
  -39.0000   46.5000    0.2000   -0.1677 
  -46.0000   32.4000    0.2000   -0.2840 
  -42.0000   40.4000    0.2000   -0.2079 
  -40.0000   31.6000    0.4000   -0.5063 
  -43.0000   31.0000    0.3000   -0.4161 
  -31.0000   54.5000    0.3000   -0.1706 
  -41.0000   29.8000    0.4000   -0.5503 
  -38.0000   40.7000    0.3000   -0.2801 
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  -36.0000   52.7000    0.2000   -0.1366 
  -45.0000   27.3000    0.3000   -0.4945 
  -38.0000   40.7000    0.4000   -0.3735 
  -41.0000   26.1000    0.4000   -0.6284 
  -48.0000   28.4000    0.2000   -0.3380 
  -38.0000   40.7000    0.3000   -0.2801 
  -37.0000   37.2000    0.4000   -0.3978 
  -36.0000   35.0000    0.5000   -0.5143 
  -42.0000   40.4000    0.2000   -0.2079 
  -31.0000   63.1000    0.2000   -0.0983 
  -38.0000   63.1000    0.1000   -0.0602 
  -46.0000   39.1000    0.4000   -0.4706 
  -33.0000   40.5000    0.5000   -0.4074 
  -48.0000   28.4000    0.2000   -0.3380 
  -39.0000   46.5000    0.2000   -0.1677 
  -40.0000   36.8000    0.3000   -0.3261 
  -45.0000   27.3000    0.3000   -0.4945 
  -35.0000   41.0000    0.4000   -0.3415 
  -31.0000   54.5000    0.3000   -0.1706 
  -36.0000   44.6000    0.3000   -0.2422 
  -48.0000   39.1000    0.4000   -0.4910 
  -35.0000   45.5000    0.3000   -0.2308 
  -33.0000   58.9000    0.2000   -0.1121 
  -47.0000   23.5000    0.3000   -0.6000 
  -42.0000   33.0000    0.3000   -0.3818 
  -38.0000   35.3000    0.4000   -0.4306 
  -41.0000   42.4000    0.2000   -0.1934 
  -46.0000   25.4000    0.3000   -0.5433 
  -32.0000   61.0000    0.2000   -0.1049 
  -45.0000   47.5000    0.1000   -0.0947 
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  -38.0000   48.5000    0.2000   -0.1567 
  -42.0000   33.0000    0.3000   -0.3818 
  -41.0000   34.9000    0.3000   -0.3524 
  -35.0000   46.5000    0.3000   -0.2258 
  -36.0000   44.6000    0.4000   -0.3229 
  -48.0000   41.0000    0.1000   -0.1171 
  -34.0000   56.8000    0.2000   -0.1197 
  -44.0000   36.4000    0.2000   -0.2418 
  -41.0000   34.9000    0.3000   -0.3524 
  -45.0000   27.3000    0.3000   -0.4945 
  -32.0000   42.4000    0.5000   -0.3774 
  -42.0000   27.9000    0.4000   -0.6022 
  -35.0000   41.0000    0.3000   -0.2561 
  -43.0000   38.4000    0.2000   -0.2240 
  -30.0000   46.1000    0.5000   -0.3254 
  -40.0000   36.8000    0.3000   -0.3261 
  -39.0000   33.5000    0.4000   -0.4657 
  -45.0000   34.4000    0.2000   -0.2616 
  -36.0000   44.6000    0.3000   -0.2422 
  -38.0000   35.3000    0.4000   -0.4306 




  -32.0000   61.0000    0.2000   -0.1049 
  -48.0000   36.8000    0.4000   -0.5217 
  -39.0000   38.7000    0.3000   -0.3023 
  -40.0000   31.6000    0.4000   -0.5063 
  -30.0000   46.1000    0.5000   -0.3254 
  -34.0000   42.9000    0.4000   -0.3170 
  -45.0000   34.4000    0.2000   -0.2616 
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  -32.0000   52.5000    0.3000   -0.1829 
  -35.0000   36.8000    0.5000   -0.4755 
  -38.0000   48.5000    0.2000   -0.1567 
  -46.0000   25.4000    0.3000   -0.5433 
  -45.0000   47.5000    0.1000   -0.0947 
  -39.0000   60.8000    0.1000   -0.0641 
  -34.0000   42.9000    0.4000   -0.3170 
  -33.0000   58.9000    0.2000   -0.1121 
  -30.0000   56.5000    0.3000   -0.1593 
  -31.0000   48.6000    0.3000   -0.1914 
  -41.0000   29.8000    0.4000   -0.5503 
  -44.0000   29.1000    0.3000   -0.4536 
  -45.0000   34.4000    0.2000   -0.2616 
  -41.0000   42.4000    0.2000   -0.1934 
  -38.0000   40.7000    0.3000   -0.2801 
  -42.0000   33.0000    0.3000   -0.3818 
  -39.0000   33.5000    0.4000   -0.4657 
  -45.0000   27.3000    0.3000   -0.4945 
  -48.0000   28.4000    0.2000   -0.3380 
  -46.0000   32.4000    0.2000   -0.2840 
  -36.0000   35.0000    0.5000   -0.5143 
  -38.0000   31.3000    0.4000   -0.4856 
  -42.0000   33.0000    0.3000   -0.3818 
  -47.0000   23.5000    0.3000   -0.6000 
  -31.0000   54.5000    0.3000   -0.1706 
  -34.0000   42.9000    0.4000   -0.3170 
  -39.0000   33.5000    0.4000   -0.4657 
  -48.0000   28.4000    0.2000   -0.3380 
  -34.0000   56.8000    0.2000   -0.1197 
  -41.0000   42.4000    0.2000   -0.1934 
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  -43.0000   31.0000    0.3000   -0.4161 
  -40.0000   44.4000    0.2000   -0.1802 
  -35.0000   54.7000    0.2000   -0.1280 
  -38.0000   40.7000    0.3000   -0.2801 
  -37.0000   33.2000    0.5000   -0.5572 
  -39.0000   38.8000    0.1000   -0.1005 
  -42.0000   27.9000    0.4000   -0.6022 
  -31.0000   54.5000    0.3000   -0.1706 
  -46.0000   25.4000    0.3000   -0.5433 
  -31.0000   48.6000    0.4000   -0.2551 
  -36.0000   44.6000    0.3000   -0.2422 
  -38.0000   35.3000    0.4000   -0.4306 
  -31.0000   54.5000    0.3000   -0.1706 
  -41.0000   34.9000    0.3000   -0.3524 
  -30.0000   56.5000    0.3000   -0.1593 
  -32.0000   61.0000    0.2000   -0.1049 
  -47.0000   30.4000    0.2000   -0.3092 
  -40.0000   58.6000    0.2000   -0.1365 
  -35.0000   46.5000    0.3000   -0.2258 
  -41.0000   52.4000    0.2000   -0.1565 
  -47.0000   43.1000    0.1000   -0.1090 
  -40.0000   36.8000    0.3000   -0.3261 
  -32.0000   61.0000    0.2000   -0.1049 
  -31.0000   48.6000    0.4000   -0.2551 
  -38.0000   40.7000    0.3000   -0.2801 
  -32.0000   61.0000    0.2000   -0.1049 
  -48.0000   28.4000    0.2000   -0.3380 
  -36.0000   44.6000    0.3000   -0.2422 
  -41.0000   34.9000    0.3000   -0.3524 
  -35.0000   46.5000    0.3000   -0.2258 
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  -45.0000   27.3000    0.3000   -0.4945 
  -32.0000   61.0000    0.2000   -0.1049 
  -36.0000   52.7000    0.2000   -0.1366 
  -48.0000   28.4000    0.2000   -0.3380 
  -35.0000   41.0000    0.4000   -0.3415 
  -46.0000   45.3000    0.1000   -0.1015 
  -35.0000   46.5000    0.3000   -0.2258 
  -32.0000   61.0000    0.2000   -0.1049 
  -36.0000   44.6000    0.3000   -0.2422 
  -33.0000   50.5000    0.3000   -0.1960 
  -40.0000   31.6000    0.4000   -0.5063 
  -43.0000   38.4000    0.2000   -0.2240 
  -38.0000   48.5000    0.2000   -0.1567 
*************************************************************************** 
ANFIS info:  
 Number of nodes: 78 
 Number of linear parameters: 27 
 Number of nonlinear parameters: 18 
 Total number of parameters: 45 
 Number of training data pairs: 198 
 Number of checking data pairs: 80 
 Number of fuzzy rules: 27 
Start training ANFIS ... 
   1   0.0232361   0.0203562 
   2   0.0219817   0.0193314 
Designated epoch number reached --> ANFIS training completed at epoch 2. 
Minimal training RMSE = 0.021982 
Minimal checking RMSE = 0.0193314 
ANFIS info:  
Start training ANFIS ... 
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   1   0.0219817   0.0193314 
   2   0.0209727   0.0184077 
Designated epoch number reached --> ANFIS training completed at epoch 2. 
Minimal training RMSE = 0.020973 
Minimal checking RMSE = 0.0184077 
Start training ANFIS ... 
   1   0.0209727   0.0184077 
   2   0.0201901   0.017628 
Designated epoch number reached --> ANFIS training completed at epoch 2. 
Minimal training RMSE = 0.020190 
Minimal checking RMSE = 0.017628 
Start training ANFIS ... 
   1   0.0201901   0.017628 
   2   0.0196084   0.0170017 
Designated epoch number reached --> ANFIS training completed at epoch 2. 
Minimal training RMSE = 0.019608 
Minimal checking RMSE = 0.0170017 
Start training ANFIS ... 
   1   0.0196084   0.0170017 
   2   0.0191972   0.016518 
Designated epoch number reached --> ANFIS training completed at epoch 2. 
Minimal training RMSE = 0.019197 
Minimal checking RMSE = 0.016518 
Start training ANFIS ... 
   1   0.0191972   0.016518 
   2   0.0189236   0.0161592 
Designated epoch number reached --> ANFIS training completed at epoch 2. 
Minimal training RMSE = 0.018924 
Minimal checking RMSE = 0.0161592 
Start training ANFIS ... 
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   1   0.0189236   0.0161592 
   2   0.0187551   0.0159086 
Designated epoch number reached --> ANFIS training completed at epoch 2. 
Minimal training RMSE = 0.018755 
Minimal checking RMSE = 0.0159086 
Start training ANFIS ... 
   1   0.0187551   0.0159086 
   2   0.0186617   0.0157548 
Designated epoch number reached --> ANFIS training completed at epoch 2. 
Minimal training RMSE = 0.018662 
Minimal checking RMSE = 0.0157548 
Start training ANFIS ... 
   1   0.0186617   0.0157548 
   2   0.0186134   0.0156887 
Designated epoch number reached --> ANFIS training completed at epoch 2. 
Minimal training RMSE = 0.018613 
Minimal checking RMSE = 0.0156887 
Start training ANFIS ... 
   1   0.0186134   0.0156887 
   2   0.0185833   0.0156498 
Designated epoch number reached --> ANFIS training completed at epoch 2. 
Minimal training RMSE = 0.018583 
Minimal checking RMSE = 0.0156498 
Start training ANFIS ... 
   1   0.0185833   0.0156498 
   2   0.0185506   0.0155509 
Designated epoch number reached --> ANFIS training completed at epoch 2. 
Minimal training RMSE = 0.018551 
Minimal checking RMSE = 0.0155509 
Start training ANFIS ... 
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   1   0.0185506   0.0155509 
   2   0.0185275   0.015549 
Designated epoch number reached --> ANFIS training completed at epoch 2. 
Minimal training RMSE = 0.018528 
Minimal checking RMSE = 0.015549 
Start training ANFIS ... 
   1   0.0185275   0.015549 
   2   0.0185   0.015432 
Designated epoch number reached --> ANFIS training completed at epoch 2. 
Minimal training RMSE = 0.018500 
Minimal checking RMSE = 0.015432 
Start training ANFIS ... 
   1   0.0185   0.015432 
   2   0.0184865   0.015488 
Designated epoch number reached --> ANFIS training completed at epoch 2. 
Minimal training RMSE = 0.018486 
Minimal checking RMSE = 0.015432 
Start training ANFIS ... 
   1   0.0184865   0.015488 
   2   0.0184621   0.0153538 
Designated epoch number reached --> ANFIS training completed at epoch 2. 
Minimal training RMSE = 0.018462 
Minimal checking RMSE = 0.0153538 
Start training ANFIS ... 
   1   0.0184621   0.0153538 
   2   0.0184529   0.0154382 
Designated epoch number reached --> ANFIS training completed at epoch 2. 
Minimal training RMSE = 0.018453 
Minimal checking RMSE = 0.0153538 
Start training ANFIS ... 
Page 82 of 91  
   1   0.0184529   0.0154382 
   2   0.0184295   0.0152966 
Designated epoch number reached --> ANFIS training completed at epoch 2. 
Minimal training RMSE = 0.018429 
Minimal checking RMSE = 0.0152966 
Start training ANFIS ... 
   1   0.0184295   0.0152966 
   2   0.0184228   0.0153949 
Designated epoch number reached --> ANFIS training completed at epoch 2. 
Minimal training RMSE = 0.018423 
Minimal checking RMSE = 0.0152966 
Start training ANFIS ... 
   1   0.0184228   0.0153949 
   2   0.0183997   0.0152478 
Designated epoch number reached --> ANFIS training completed at epoch 2. 
Minimal training RMSE = 0.018400 
Minimal checking RMSE = 0.0152478 
Start training ANFIS ... 
   1   0.0183997   0.0152478 
   2   0.0183948   0.0153552 
Designated epoch number reached --> ANFIS training completed at epoch 2. 
Minimal training RMSE = 0.018395 
Minimal checking RMSE = 0.0152478 
Start training ANFIS ... 
   1   0.0183948   0.0153552 
   2   0.0183717   0.0152038 
Designated epoch number reached --> ANFIS training completed at epoch 2. 
Minimal training RMSE = 0.018372 
Minimal checking RMSE = 0.0152038 
Start training ANFIS ... 
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   1   0.0183717   0.0152038 
   2   0.0183681   0.0153172 
Designated epoch number reached --> ANFIS training completed at epoch 2. 
Minimal training RMSE = 0.018368 
Minimal checking RMSE = 0.0152038 
Start training ANFIS ... 
   1   0.0183681   0.0153172 
   2   0.0183448   0.0151628 
Designated epoch number reached --> ANFIS training completed at epoch 2. 
Minimal training RMSE = 0.018345 
Minimal checking RMSE = 0.0151628 
Start training ANFIS ... 
   1   0.0183448   0.0151628 
   2   0.0183422   0.0152799 
Designated epoch number reached --> ANFIS training completed at epoch 2. 
Minimal training RMSE = 0.018342 
Minimal checking RMSE = 0.0151628 
Start training ANFIS ... 
   1   0.0183422   0.0152799 
   2   0.0183185   0.0151238 
Designated epoch number reached --> ANFIS training completed at epoch 2. 
Minimal training RMSE = 0.018319 
Minimal checking RMSE = 0.0151238 
Start training ANFIS ... 
   1   0.0183185   0.0151238 
   2   0.0183167   0.0152428 
Designated epoch number reached --> ANFIS training completed at epoch 2. 
Minimal training RMSE = 0.018317 
Minimal checking RMSE = 0.0151238 
Start training ANFIS ... 
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   1   0.0183167   0.0152428 
   2   0.0182925   0.0150862 
Designated epoch number reached --> ANFIS training completed at epoch 2. 
Minimal training RMSE = 0.018293 
Minimal checking RMSE = 0.0150862 
Start training ANFIS ... 
   1   0.0182925   0.0150862 
   2   0.0182913   0.0152055 
Designated epoch number reached --> ANFIS training completed at epoch 2. 
Minimal training RMSE = 0.018291 
Minimal checking RMSE = 0.0150862 
Start training ANFIS ... 
   1   0.0182913   0.0152055 
   2   0.0182665   0.01505 
Designated epoch number reached --> ANFIS training completed at epoch 2. 
Minimal training RMSE = 0.018267 
Minimal checking RMSE = 0.01505 
Start training ANFIS ... 
   1   0.0182665   0.01505 
   2   0.0182658   0.015168 
Designated epoch number reached --> ANFIS training completed at epoch 2. 
Minimal training RMSE = 0.018266 
Minimal checking RMSE = 0.01505 
Start training ANFIS ... 
   1   0.0182658   0.015168 
   2   0.0182404   0.0150151 
Designated epoch number reached --> ANFIS training completed at epoch 2. 
Minimal training RMSE = 0.018240 
Minimal checking RMSE = 0.0150151 
Start training ANFIS ... 
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   1   0.0182404   0.0150151 
   2   0.0182399   0.0151302 
Designated epoch number reached --> ANFIS training completed at epoch 2. 
Minimal training RMSE = 0.018240 
Minimal checking RMSE = 0.0150151 
Start training ANFIS ... 
   1   0.0182399   0.0151302 
   2   0.0182138   0.0149818 
Designated epoch number reached --> ANFIS training completed at epoch 2. 
Minimal training RMSE = 0.018214 
Minimal checking RMSE = 0.0149818 
Start training ANFIS ... 
   1   0.0182138   0.0149818 
   2   0.0182135   0.0150925 
Designated epoch number reached --> ANFIS training completed at epoch 2. 
Minimal training RMSE = 0.018213 
Minimal checking RMSE = 0.0149818 
Start training ANFIS ... 
   1   0.0182135   0.0150925 
   2   0.0181866   0.0149505 
Designated epoch number reached --> ANFIS training completed at epoch 2. 
Minimal training RMSE = 0.018187 
Minimal checking RMSE = 0.0149505 
Start training ANFIS ... 
   1   0.0181866   0.0149505 
   2   0.0181862   0.0150551 
Designated epoch number reached --> ANFIS training completed at epoch 2. 
Minimal training RMSE = 0.018186 
Minimal checking RMSE = 0.0149505 
Start training ANFIS ... 
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   1   0.0181862   0.0150551 
   2   0.0181586   0.0149221 
Designated epoch number reached --> ANFIS training completed at epoch 2. 
Minimal training RMSE = 0.018159 
Minimal checking RMSE = 0.0149221 
Start training ANFIS ... 
   1   0.0181586   0.0149221 
   2   0.018158   0.015019 
Designated epoch number reached --> ANFIS training completed at epoch 2. 
Minimal training RMSE = 0.018158 
Minimal checking RMSE = 0.0149221 
Start training ANFIS ... 
   1   0.018158   0.015019 
   2   0.0181295   0.0148978 
Designated epoch number reached --> ANFIS training completed at epoch 2. 
Minimal training RMSE = 0.018130 
Minimal checking RMSE = 0.0148978 
Start training ANFIS ... 
   1   0.0181295   0.0148978 
   2   0.0181284   0.0149854 
Designated epoch number reached --> ANFIS training completed at epoch 2. 
Minimal training RMSE = 0.018128 
Minimal checking RMSE = 0.0148978 
Start training ANFIS ... 
   1   0.0181284   0.0149854 
   2   0.0180991   0.0148794 
Designated epoch number reached --> ANFIS training completed at epoch 2. 
Minimal training RMSE = 0.018099 
Minimal checking RMSE = 0.0148794 
Start training ANFIS ... 
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   1   0.0180991   0.0148794 
   2   0.0180973   0.0149565 
Designated epoch number reached --> ANFIS training completed at epoch 2. 
Minimal training RMSE = 0.018097 
Minimal checking RMSE = 0.0148794 
Start training ANFIS ... 
   1   0.0180973   0.0149565 
   2   0.0180668   0.01487 
Designated epoch number reached --> ANFIS training completed at epoch 2. 
Minimal training RMSE = 0.018067 
Minimal checking RMSE = 0.01487 
Start training ANFIS ... 
   1   0.0180668   0.01487 
   2   0.0180641   0.0149359 
Designated epoch number reached --> ANFIS training completed at epoch 2. 
Minimal training RMSE = 0.018064 
Minimal checking RMSE = 0.01487 
Start training ANFIS ... 
   1   0.0180641   0.0149359 
   2   0.0180324   0.0148742 
Designated epoch number reached --> ANFIS training completed at epoch 2. 
Minimal training RMSE = 0.018032 
Minimal checking RMSE = 0.0148742 
Start training ANFIS ... 
   1   0.0180324   0.0148742 
   2   0.0180282   0.0149296 
Designated epoch number reached --> ANFIS training completed at epoch 2. 
Minimal training RMSE = 0.018028 
Minimal checking RMSE = 0.0148742 
Start training ANFIS ... 
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   1   0.0180282   0.0149296 
   2   0.0179949   0.0148996 
Designated epoch number reached --> ANFIS training completed at epoch 2. 
Minimal training RMSE = 0.017995 
Minimal checking RMSE = 0.0148996 
Start training ANFIS ... 
   1   0.0179949   0.0148996 
   2   0.0179889   0.014947 
Designated epoch number reached --> ANFIS training completed at epoch 2. 
Minimal training RMSE = 0.017989 
Minimal checking RMSE = 0.0148996 
Start training ANFIS ... 
   1   0.0179889   0.014947 
   2   0.0179532   0.0149592 
Designated epoch number reached --> ANFIS training completed at epoch 2. 
Minimal training RMSE = 0.017953 
Minimal checking RMSE = 0.014947 
Start training ANFIS ... 
   1   0.0179532   0.0149592 
   2   0.0179448   0.0150043 
Designated epoch number reached --> ANFIS training completed at epoch 2. 
Minimal training RMSE = 0.017945 
Minimal checking RMSE = 0.0149592 
Start training ANFIS ... 
   1   0.0179448   0.0150043 
   2   0.0179058   0.0150755 
Designated epoch number reached --> ANFIS training completed at epoch 2. 
Minimal training RMSE = 0.017906 
Minimal checking RMSE = 0.0150043 
Start training ANFIS ... 
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   1   0.0179058   0.0150755 
   2   0.0178943   0.0151266 
Designated epoch number reached --> ANFIS training completed at epoch 2. 
Minimal training RMSE = 0.017894 
Minimal checking RMSE = 0.0150755 
Start training ANFIS ... 
   1   0.0178943   0.0151266 
   2   0.0178512   0.0152837 
Designated epoch number reached --> ANFIS training completed at epoch 2. 
Minimal training RMSE = 0.017851 
Minimal checking RMSE = 0.0151266 
Start training ANFIS ... 
   1   0.0178512   0.0152837 
   2   0.0178372   0.0153465 
Designated epoch number reached --> ANFIS training completed at epoch 2. 
Minimal training RMSE = 0.017837 
Minimal checking RMSE = 0.0152837 
Start training ANFIS ... 
   1   0.0178372   0.0153465 
   2   0.0177914   0.015622 
Designated epoch number reached --> ANFIS training completed at epoch 2. 
Minimal training RMSE = 0.017791 
Minimal checking RMSE = 0.0153465 
Start training ANFIS ... 
   1   0.0177914   0.015622 
   2   0.0177806   0.0156711 
Designated epoch number reached --> ANFIS training completed at epoch 2. 
Minimal training RMSE = 0.017781 
Minimal checking RMSE = 0.015622 
Start training ANFIS ... 
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   1   0.0177806   0.0156711 
   2   0.0177385   0.0160668 
Designated epoch number reached --> ANFIS training completed at epoch 2. 
Minimal training RMSE = 0.017738 
Minimal checking RMSE = 0.0156711 
Start training ANFIS ... 
   1   0.0177385   0.0160668 
   2   0.0177402   0.0160084 
Designated epoch number reached --> ANFIS training completed at epoch 2. 
Minimal training RMSE = 0.017738 
Minimal checking RMSE = 0.0160084 
Start training ANFIS ... 
   1   0.0177385   0.0160668 
   2   0.0177402   0.0160084 
Designated epoch number reached --> ANFIS training completed at epoch 2. 
Minimal training RMSE = 0.017738 
Minimal checking RMSE = 0.0160084 
Start training ANFIS ... 
   1   0.0177385   0.0160668 
   2   0.0177402   0.0160084 
Designated epoch number reached --> ANFIS training completed at epoch 2. 
Minimal training RMSE = 0.017738 
Minimal checking RMSE = 0.0160084 
Start training ANFIS ... 
   1   0.0177385   0.0160668 
   2   0.0177402   0.0160084 
Designated epoch number reached --> ANFIS training completed at epoch 2. 
Minimal training RMSE = 0.017738 
Minimal checking RMSE = 0.0160084 
Start training ANFIS ... 
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   1   0.0177385   0.0160668 
   2   0.0177402   0.0160084 
Designated epoch number reached --> ANFIS training completed at epoch 2. 
Minimal training RMSE = 0.017738 
Minimal checking RMSE = 0.0160084 
ANFIS info:  
Start training ANFIS ... 
 
   1   0.0177385   0.0160668 
   2   0.0177402   0.0160084 
Designated epoch number reached --> ANFIS training completed at epoch 2. 
Minimal training RMSE = 0.017738 
Minimal checking RMSE = 0.0160084 
 
ANFIS info:  
 Number of nodes: 78 
 Number of linear parameters: 27 
 Number of nonlinear parameters: 18 
 Total number of parameters: 45 
 Number of training data pairs: 198 
 Number of checking data pairs: 80 
 Number of fuzzy rules: 27 
Start training ANFIS ... 
   1   0.0177385   0.0160668 
   2   0.0177402   0.0160084 
Designated epoch number reached --> ANFIS training completed at epoch 2. 
Minimal training RMSE = 0.017738 
Minimal checking RMSE = 0.0160084 
>>>> 
 
